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SUMMARY 

A flow visualization study using neutrally buoyant, helium-filled soap 
bubbles was conducted to determine the effect of Injection hole geometry on 
the trajectory of an air jet In a crossflow and to Investigate the mechanisms 
Involved In jet deflection. Experimental variables were the blowing rate 
(M = 0.53, 1.1, 1.6, 4.1, and 6.2) and the Injection hole geometry (cusp fac- 
ing upstream (CUS), cusp facing downstream (CDS), round, swirl passage, and 
oblong). Results Indicate that jet deflection Is governed by both the pressure 
drag forces and the entrainment of free-stream fluid Into the jet flow. The 
effect of the pressure drag force Is that a jet presenting a larger projected 
area to the crossflow will be deflected Initially to a greater extent. Thus 
for Injection hole geometries with similar cross-sectional areas and similar 
mass flow rates, the jet configuration with the larger aspect ratio (major axis 
perpendicular to the crossflow) experienced a greater deflection. Entrainment 
arises as a result of lateral shearing forces on the sides of the jet, which 
set up a dual vortex motion within the jet and thereby cause some of the main- 
stream fluid momentum to be swept Into the jet flow. This additional momentum 

forces the jet nearer the surface. Of the jet configurations examined In this 

study, the oblong, CDS, and CUS configurations exhibited the largest deflec- 

tions. These results correlate well with film cooling effectiveness data, 
suggesting the need to determine the jet exit configuration of optimum aspect 
ratio to provide maximum film cooling effectiveness. 


SYMBOLS 

A cross-sectional area 

Cj flow discharge coefficient 

D effective diameter of jet at exit 

g c Newton's constant 

M blowing rate, (pU)j/(pU) m 

m mass flow rate 

P static pressure 

R ratio of jet to main-stream velocity 

Re Reynolds number 





T temperature 

U velocity 

X axial distance from downstream edge of jet exit 

X/D dimensionless distance based on effective jet diameter at exit 

Y vertical distance from wall 

Y/D dimensionless vertical distance based on effective jet diameter at 
exit 

n adiabatic film cooling effectiveness, (T m - T^J/Te,, - Tj) 

p density 

Subscripts : 

aw adiabatic wall 

c centerline 

j jet 

L lower jet boundary 

p plenum 

°° tunnel air, crossflow or free stream 


INTRODUCTION 

A jet In crossflow Is of great practical significance for many engineering 
applications. The ratio of the jet mass flux to the main-stream mass flux (the 
blowing rate M) determines to a great extent the application to be considered. 
Applications range from the film cooling of turbine blades and the Injection of 
jets Into combusters to the transition flight of V/STOL aircraft or the dis- 
posal of wastes Into the atmosphere. In dealing with these phenomena, It Is 
Important to know the flow field or jet trajectory that results from a given 
value of M. Although the results reported herein have general application, 
the motivation for the present study was the need to maintain a coolant film 
(film cooling) as close as possible to the surface of turbine blades exposed 
to high-temperature gases. 

Papell (ref. 1) compares the film cooling efficiencies of a jet emanating 
from either a cusp-shaped hole or a standard discrete round hole Into a cross- 
flow for a range of blowing rates (0.2 < M < 2.05) and an Injection angle of 
30°. His visual evidence Indicates that the cusp-shaped hole has a higher 
film cooling efficiency because Its lower coolant jet trajectory deflects 
closer to the surface than the trajectory from a round hole at comparable con- 
ditions. Papell further postulates that the cusp-shaped hole produces a sec- 
ondary flow consisting of a pair of counterrotating vortices that enhances the 
deflection of the jet trajectory. He supports this concept by using neutrally 
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buoyant helium-filled bubbles to delineate the jet flow region. Papell thus 
establishes the advantage of some noncircular holes In film cooling and hence 
the need for a greater understanding of the mechanisms Involved In determining 
the trajectory of a jet In crossflow. 

There Is an abundance of Information on jet trajectories for round Injec- 
tion holes (refs. 2 and 3) but little Information for noncircular holes. 
Reference 2 alone contains 24 references of experimental Investigations of 
round holes In crossflow. Reference 4 reports on the penetration of air jets 
from circular, square, and elliptical orifices at a known distance from the 
orifice. The long axis of the elliptical orifice was placed parallel to the 
crossflow. Reference 5 studies the temperature profile In the dilution zone of 
a combustion chamber created by jets flowing from "bluff-shaped 1 slots and 
slots or orifices of other shapes. References 6 and 7 Investigated the effect 
of a normal jet on the pressure distribution on a flat surface with round- and 
oblong-shaped Injection holes (crossflow parallel and perpendicular to major 
axis). References 5 and 6 provide some general Information on the effect of 
orifice configuration on jet flow but no detailed Information on jet trajec- 
tories. Rather than focusing on film cooling effectiveness, the present study 
goes beyond the preliminary flow visualization results of reference 1 and 
attempts to develop a sound relationship by providing experimental jet trajec- 
tory data for circular and noncircular holes for several values of M. 

Previously It had been demonstrated that greater film cooling efficiency 
could be obtained by using a curved-tube Inlet channel (ref. 8), "shaped" 
holes (ref. 9) (which decrease the jet momentum and employ the Coanda effect 2 
to decrease the penetration of the coolant Jet Into the main stream), and 
compound-angle Injection (ref. 10) (to keep the jet attached to the surface). 

An analysis of the existing literature on jet trajectories Indicates three 
general categories of jet/crossflow Interactive mechanisms: 

(1) Only entrainment of the free stream by the jet governs the Interaction 
(refs. 11 to 13). 

(2) Only pressure forces acting on the jet govern the Interaction 
(ref. 14). 

(3) Both entrainment and pressure forces are considered In the Interaction 
(refs. 15 to 20). 

From these studies It became apparent that an understanding of the 
Interaction between the jet and the crossflow Is crucial to determining the 
trajectory of the deflected jet. 

A jet, In terms of Its history as It penetrates Into the main stream, can 
be described In terms of three regions: (1) the potential core region, region 

I; (2) the developed turbulent flow region, region II; and (3) the far down- 
stream region, region III. 


Oblong-shaped orifice with long axis perpendicular to crossflow. 

2 Henr1 Coanda (1932) observed that a free jet emerging from a nozzle 
will follow a nearby curved or Inclined surface or will come In contact with 
the surface. This effect Is caused by jet stream entrainment, which creates a 
partial vacuum. 
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In region I, the fluid jet penetrating the crossflow forms a potential 
core of essentially constant velocity. This retards the main stream along the 
upstream side of the jet and Increases the pressure. On the downstream side of 
the jet a rarefaction, or wake region, occurs. Coupled with the upstream pres- 
sure, It produces a pressure differential that deflects the jet toward the 
surface. Kamotanl's (ref. 21) experimental results Indicate that this deflec- 
tion begins very close to the jet exit. Platten (ref. 22) found that for low 
values of the ratio of jet to main-stream velocity R the deflection of the 
potential core by the pressure gradient normal to the jet begins to become 
appreciable. 

Viscous entrainment of the main-stream fluid denotes the beginning of the 
developed turbulent flow region (region II, approximately three diameters down- 
stream). Lateral shearing action sweeps main-stream fluid around the sides of 
the jet and Into the central jet region via entrainment through the underside 
of the jet. The overall effect Is the creation of a counterrotating pair of 
vortices within the jet that tend to deform the jet cross section Into a kidney 
shape (fig. 1). This secondary motion enhances the entrainment of the main- 
stream fluid, along with Its corresponding momentum. Into the jet. This fur- 
ther deflects the jet toward the surface. In addition, as the jet proceeds 
downstream, the kidney-shaped cross section presents a greater drag surface to 
the main stream, thereby enhancing the deflection due to pressure forces. 
Reference 23 suggests that this secondary vortex motion Is Influenced by the 
velocity profile within the jet flow passage and that It may be possible to 
enhance the secondary motion caused by the interaction of the jet and the main 
stream by changing the shape of the passage. In the developed turbulent flow 
region (region II) jet deflection Is due to both the entrainment of mainstream 
fluid and the pressure forces Induced by the main stream Interacting with the 
jet. 


Figure 61 of reference 13 shows that for a ratio of jet length to diameter 
greater than approximately 18 the effects of main-stream entrainment dominate 
the jet trajectory. This Is the far downstream region (region III), where 
pressure forces no longer play a significant role In determining the jet 
trajectory. 

In the present work jet trajectories were photographed for five Injection 
hole geometries at blowing rates M of 0.53, 1.1, 1.6, 4.1, and 6.2 for a jet 
Injection angle of 30° with respect to the upstream horizontal. Relevant data 
were extracted from these photographs and used In a comparative analysis of the 
effect of Injection hole geometry on jet trajectory to assess the mechanisms 
contributing to jet deflection. 


APPARATUS 

The flow visualization test rig (fig. 2) consisted of a transparent plas- 
tic tunnel through which air was drawn Into a vacuum exhaust line. This simple 
construction provided flexibility for testing a large number of Injection hole 
geometries appropriate to turbine and combustor cooling applications. The test 
configuration for this report consisted of a zero-pressure-gradient, free- 
stream flow over a flat surface containing an Injection hole. The tunnel sec- 
tion containing the test plate was positioned so that there was about 1.3 m of 
tunnel length (not Including contoured Inlet) upstream of the jet exhaust. 

Thus at the point of jet exit the Injection surface boundary layer was fully 
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turbulent as determined In a previous Investigation with this tunnel (ref. 8). 
The three separate ambient airflow sources were the primary free-stream air- 
flow, the bubble generator airflow, and the secondary jet air (fig. 3). 

The jet air was supplied to the plenum by means of a Hllsch tube 
connected to a 827-kPa (120-psl) dry air source. This source, which 
Incorporated a vortex generator element, separated the Inlet air Into hot and 
cold streams. This separation resulted from the forced vortex, or wheel, type 
of angular velocity Imparted to the air entering the device. Conservation of 
the total energy of the Inner region of the contained vortex caused heat to be 
transferred to the outer region of the vortex. Consequently a relatively cold 
Inner core of air and a warm outer ring of air were available. In the Hllsch 
tube design the warm and cold air discharge ports are on opposite ends of the 
tube. Cold-end temperatures of 0 °C were available with this device, so some 
variation In the jet density was possible. 

The tunnel air temperature was measured with a thermocouple mounted In the 
contoured Inlet. The coolant air temperature was measured with a thermocouple 
mounted In the plenum between the screens and the mahogany test plate. The 
coolant airflow rate was measured with a turbine type of flowmeter Installed 
between the Hllsch tube and the coolant plenum. The tunnel velocity was deter- 
mined from pitot-static pressure readings taken upstream of the test section. 

The bubble generator system employed In the present study was used In the 
visual study of reference 10 and consisted of a head (which formed the bubbles) 
and a console (which controlled the flow of helium, bubble solution, and air to 
the head). A drawing Illustrating the basic features of the head Is shown In 
figure 4. Neutrally buoyant, helium-filled bubbles, about 1 mm In diameter, 
formed on the tip of the concentric tubes and were blown off the tip by air 
flowing through the shroud passage. Bubble solution flowed through the annular 
passage and was formed Into bubbles at the tip. These bubbles were Inflated 
with helium passing through the Inner concentric tube. The desired bubble size 
and neutral buoyancy were achieved by proper adjustment of air, bubble solu- 
tion, and helium flow rates. For this study a setting was established to pro- 
duce the largest number of bubbles possible that were small enough to survive 
passage through the plenum and the jet exit channel. As many as 300 bubbles 
per second can be formed by this device. 

The neutrally buoyant, helium-filled bubbles were Injected Into a plenum, 
which served as a collection chamber for the bubbles and the jet air. The air, 
seeded with the bubbles, then passed through the jet passage and Into the test 
region. The small quantity of air used by the bubble generator to blow the 
bubbles off the tip of the annulus as they formed ended up as part of the jet 
air In the plenum. Consequently the mass contribution of the bubble generator 
was measured by a rotameter. This small, but not negligible, correction to the 
jet mass flow was subsequently accounted for In calculating the blowing rate 
M. The plenum box was clamped onto the bottom of the test section for easy 
removal when another test plate with a different Injection hole geometry was to 
be tested. The configurations were cast In epoxy as Inserts to be Installed In 
the flat plate. Schematic drawings of the cross-sectional areas of the various 
configurations Investigated are displayed In figure 5. 

The 0.38- by 0.61-m floor of the test section, which contained the jet 
Injection hole, was easily removable to allow bottom plates with different hole 
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configurations to be Installed without affecting the rest of the test section 
or the plenum chamber. The jet flow passage length of 6.35 cm provided a ratio 
of jet flow passage length to diameter of 5.0 (typical of aircraft turbine 
applications). All configurations had an equivalent diameter of 1.27 cm based 
on a constant cross-sectional area of 5.07 cm^ to allow the mass flow rate to 
be Independent of jet configuration. The floor and back side of the test sec- 
tion were made of wood and had a glossy black finish to give maximum contrast 
with the bubble streakllnes. 

A hlgh-efflclency 300-W xenon quartz arc lamp provided sufficient light 
Intensity for photographing the bubbles (fig. 6). A metal plate with a rectan- 
gular slot cutout was placed between the light source and the lens to shape 
the light beam, and an Infrared reflecting filter was used to prevent heating 
of bubbles passing through the beam. The beam was then focused through a 
300-mm lens to form a sharply defined rectangular pattern of collimated light 
(7.7 by 15.2 cm) through which the bubbles passed as they exited the jet flow 
passage. 


EXPERIMENTAL PROCEDURE 

Typical test procedure consisted of filming the test section from the 
lower surface level for a variety of Injection hole geometries and blowing 
rates as the bubble-delineated jet flow Interacted with the free stream. Upon 
their passage through the jet exit channel and entrance Into the test section, 
the bubbles contained within the jet flow were Illuminated by the light beam 
emitted by a high-intensity xenon arc lamp situated upstream of the flow and 
directed parallel to the free stream. 

As the soap bubbles passed through the Illuminated region of the test 
section, their movement was recorded on film as a series of streakllnes caused 
by light reflecting from the surface of the bubbles as they passed through the 
Illuminated portion of the photographic field. A sequence of photographs ex- 
posed for different times was produced to achieve the optimum setting for each 
set of test conditions. Too few streakllnes would result In a photograph lack- 
ing definition; too many streakllnes would tend to wash out the entire frame. 
Generally speaking exposure times ranged from 20 to 80 sec at an aperture set- 
ting of f5.6 for a film speed of ASA 400. 

This attention to exposure time was a direct result of the need for a 
statistically significant number of streakllnes In each photograph. In addition 
to the desire for quality flow visualization. Assuming the bubbles would 
faithfully and accurately follow the jet flow as It entered the test region and 
mixed with the free stream, this nonetheless dictated the statistical nature of 
the bubble movement as a function of each bubble's departure point from the jet 
orifice - hence the randomness associated with each streakline location. It 
was desirable to establish a large number of streakllnes In each photograph to 
ensure that the jet region was delineated realistically as It began to mix, and 
eventually merge, with the free stream. This procedure provided sufficient 
data to Identify the effect of hole geometry on jet trajectory In a crossflow. 

The high and low extents of the jet flow region were Identified In each 
photograph at axial downstream distances X/D of 0.5, 1.0, 1.5, 2.0, 3.0, 4.0, 
5.0, 8.0, 10.0, and 12.0. From these, the jet centerline height was calcu- 
lated by averaging the values of the high and low vertical positions of the 
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jet boundary. Measured data were stored In a data set to be graphically output 
via the 2ETA12 graphics capabilities of the IBM 370 computer system. 


RESULTS AND DISCUSSION 

Figures 7 and 8 represent the jet trajectory centerline data and the lower 
jet boundary data for the five Injection hole geometries Investigated In this 
study. Representative values of blowing rate M and density ratio pj/p ro are 
Indicated In each figure. Abramovich's empirical prediction (ref. 24) based on 
round holes Is Included as a basis for comparison with the jet centerline data. 
There Is general agreement with the round-hole data. In general, the round 
hole with a swirl passage Insert produced the highest jet trajectory. The cusp 
facing upstream (CUS), cusp facing downstream (CDS), and oblong holes produced 
the lowest trajectories. The lowering of the jet trajectory by an oblong hole 
Is also suggested by the temperature profile results of reference 5 and by the 
limited jet trajectory Information of reference 6. Photographs of jets are 
shown In figure 9. 

According to reference 25, the use of a swirl tape Insert (fig. 5(b)) 
should markedly Increase the entrainment of main-stream fluid Into the jet. In 
the present experiments the spreading rate of the jet produced by the swirl 
configuration was greater than those of the other configurations, an Indication 
that entrainment would also be greater for the swirl configuration. It had 
been expected that the additional entrainment of main-stream fluid would effec- 
tively Increase jet deflection toward the surface. However, Inasmuch as this 
was not the case In the present study, It was conjectured that the swirl com- 
ponent of jet velocity diminished the effect of drag and entrainment on the jet 
centerline trajectory. The swirl-produced jet (fig. 9) appeared relatively 
unaffected by the main-stream flow to an axial distance of several diameters 
downstream of the jet exit. Apparently the main-stream fluid entrained by the 
jet lost some of Its axial momentum to the swirl component of the jet. In 
addition, the small effect of pressure drag forces on jet trajectory In the 
potential core region was probably due to the swirl component of the jet pre- 
venting the crossflow shearing action across the jet, which would otherwise set 
up the pressure differential necessary to deflect the jet. This Is analogous 
to the method given In reference 26 for reducing pressure drag through the use 
of a moving surface that effectively reduces the relative velocity at the shear 
Interface. Therefore It appears that In the case of the swirl configuration, 
decreased drag and decreased axial momentum combined to produce a jet that was 
deflected least among the configurations within the scope of this study. 

Figure 10 points out the effect of the Initial jet cross section on pres- 

sure drag, and hence on the deflection trajectory, by comparing the deflection 
trajectories for round and oblong holes. The oblong hole produces an Initial 
jet shape that has a drag coefficient at least twice that of the round hole. 

The effect that Increased pressure drag can have on jet trajectory, namely a 

greater deflection of the jet. Is Illustrated In figure 10 for blow rates M 

of 1.6 and 0.5 for the analysis of reference 14 and the data of the present 
experiments. The analysis of reference 14, which predicts jet centerline tra- 
jectory based solely on drag, Is Insufficient to describe the jet centerline 
trajectory. Because of the lack of difference In entrainment for M of 1.6 
and 0.5 (based on Inspection of jet expansion) for both the round and oblong 
holes, the difference In jet trajectories observed In figure 10 was assumed to 
be a function of pressure drag only. The difference In the experimental curves 
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would be slightly greater If the projected area diameter (D = 1.98 cm) were 
used for the oblong hole. The use of a projected area diameter Is consistent 
with the drag analysis of reference 14. This difference Is also seea In the 
theoretical curves of figure 10. An example of how drag plays a key role In 
determining jet trajectory Is provided by Injecting jets at angles lateral to 
the direction of the main stream as a means of Increasing film cooling effi- 
ciency by forcing the jet nearer to the surface (ref. 10). A jet that attempts 
to laterally penetrate the main stream presents a much greater projected area 
to the main-stream flow than an aligned jet with an aspect ratio that Increases 
with lateral angle. The greater projected area results In Increased pressure 
drag. This pressure drag and the accompanying entrainment of main-stream fluid 
Into the jet keeps the jet flow near the surface. 

From a comparison of the experimental and theoretical curves of figure 10, 
It appears that entrainment begins to play a major role In determining the jet 
trajectory at relatively small axial downstream distances. This Is consistent 
with the length of the potential core region (region I) being only of the order 
of one diameter at low values of M. It Is expected that greater drag In 
region I will Increase both the drag and the entrainment of main-stream fluid 
Into the jet In region II. This additional entrainment of fluid should deflect 
the jet closer to the wall. 


For all the blowing rates considered, the jet produced by the CDS config- 
uration generally exhibited a larger deflection than that produced by the CUS 
configuration. This suggested that the jet surface facing the cross stream 
had higher pressure drag properties for the CDS configuration than for the CUS 
configuration. Some confirmation of this Is suggested by the measurements of 
jet flow discharge coefficients. 


The jet flow discharge coefficient, which Is a measure of the jet fric- 
tional losses, Is defined as follows: 


C 


d 



0 ) 


where 


The discharge coefficient Is plotted as a function of the jet Reynolds number 
based on hydraulic diameter In figure 11 for the round, CUS, and CDS Injection 
hole geometries. Discharge coefficients were measured by exhausting a jet Into 
a relatively slow-moving cross stream so as to minimize the entrainment effect 
of free-stream axial momentum and thus leave a relative measure of frictional 
losses. Since the same test section was used for both CUS and CDS hole con- 
figurations, a difference In discharge coefficient could not be expected on 
the basis of frictional losses Incurred within the jet channel. Flowever, 
equation (1) states that the discharge pressure Is the free-stream pressure; 
therefore the flow coefficient Includes frictional losses created by the jet- 
crossflow Interaction, which could differ between the Injection hole geometries 
In question. It was expected from jet trajectory curves that the CDS hole 
would produce the highest frictional loss and the lowest discharge coefficient 
since It produces a higher pressure drag. The results of figure 11 support 
this assumption. 
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The aspect ratios were 2.78 for the oblong hole and 2.0 for the CUS and 
CDS holes. It was Inferred from this difference that the aspect ratio of a jet 
Injection hole Is Important In determining the jet trajectory, particularly 
when drag forces dominate. However, as Indicated In reference 23, the jet 
velocity profile Is also of Importance. The differences In velocity profile 
produced by the CUS and oblong holes may account for the respective 
differences In jet trajectories. Papell (refs. 1 and 8) postulates that the 
production of secondary flows In the jet before Its Injection Into the free 
stream will result In greater deflection of the jet toward the wall. Although 
the effects of secondary motions or velocity profiles were not considered In 
this study, there Is a need for these effects to be studied In the future. 


FILM COOLING APPLICATION 

Since the same facility and some of the same jet Injection hole geometries 
(CUS, CDS, and round) were used In this study and In Papell's Investigation 
(ref. 1), It was of Interest to compare the jet deflection trajectory data of 
this study with the film cooling effectiveness data of reference 1. Some of 
these data are reproduced In figure 12. Although the jet centerline data of 
figure 7 give some correlation with film cooling effectiveness, a better cor- 
relation Is obtained by using the height of the lower jet boundary as a func- 
tion of axial distance downstream X/D (fig. 8). 

Figure 13 shows that a general relationship exists between the film cool- 
ing effectiveness (from fig. 12) and the height of the lower jet boundary Yl 
( figs. 8(a), (c), and (d)). This set of curves Illustrates, as expected, that 
as Yl decreased, film cooling effectiveness Increased. In addition, the film 
cooling effectiveness near the jet exit (X/D = 1, fig. 13(a)) Is quite sensi- 
tive to the location of the jet with respect to the wall. Depending on the 
value of Yu the cooling of the downstream exit area Is either efficient or 
relatively Inefficient (fig. 13(c)). Based on the results of reference 27, 
this Indicates little or no recirculation of main-stream fluid about the exit 
location as the jet touched or was very close to the wall. In the case of 
separation, Inferred from larger values of Yl, the jet turned toward the 
surface and reattached. Reattachment represents the maximum In film cooling 
effectiveness (fig. 12). 

Comparing the film cooling effectiveness for M = 1 . 5 (fig. 12(c)) with 
Yl at a blowing rate of M = 1.6 (fig. 8(d)) Illustrates the correlation of 
heat transfer and jet location. At X/D = 1, the relative positions from 
figure 8(d) In decreasing order of vertical height are round, CUS, and CDS. 

This corresponds to the greater film cooling effectiveness shown In 
figure 12(c) for M = 1 . 5 and X/D = 1. Film cooling effectiveness Increased 
In the order of round, CUS, and CDS. The order of film cooling effectiveness 
changed beyond X/D = 2 (fig. 12(c)), with the new order being round, CDS, and 
CUS. This change Is reflected In the change In order of decreasing lower jet 
boundary Yl beyond X/D = 4 of round, CDS, and CUS. Therefore the crossover 
In film cooling effectiveness (fig. 12(c), M = 1.5) appears to be supported by 
the visual evidence. At lower values of M (1.0 or 0.5), the jet trajectory 
data grouped quite closely together (and well within the level of experimental 
error). Hence a correspondence to the order of film cooling effectiveness Is 
more difficult to determine. 
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The visual (fig. 9(b)) and heat transfer (fig. 12) evidence suggests that 
there Is Initially a greater turning of the jet toward the surface for the CDS 
configuration than for the CUS configuration. This turning Is probably due to 
the greater pressure drag created by the CDS hole, as mentioned in our earlier 
discussion on jet centerline trajectory, and Is best seen for the oblong hole 
(fig. 9). Drag near the jet exit has the additional effect of Increasing the 
dual vortex motion and entrainment of the free-stream fluid Into the jet (a 
further aid In deflecting the jet). This Increased entrainment should decrease 
the coolant potential of the jet as noted In figure 12 at M of 1.0 and 1.5 
for X/D > 2. In addition, the visual evidence of figure 9(b) for M = 1.0 
Indicates that after the jet reattaches to the wall It proceeds further and 
further from the surface. This effect was originally observed In the visual 
experiments of reference 26. 

The lower jet boundary Information (figs. 8(a), (c), and (d)) and the 
visual Information (fig. 9) for the oblong hole suggests that It has a high 
potential for providing effective film cooling. If we use as a measure of 
film cooling effectiveness, the oblong hole should be as effective as both cusp 
holes. An additional factor to be considered Is the amount of free-stream 
fluid entrained Into the jet created by the oblong hole. Indeed, there Is 
probably an optimum aspect ratio of such a hole since Increasing the aspect 
ratio Increases both drag and entrainment and the entrainment effectively 
diminishes the jet film cooling effectiveness. However, this Increased jet 
dilution could be advantageous In combustor applications. For Information on 
dilution jet experiments, refer to references 5 and 29. 

The following are recommendations for future work: 

(1) Experimentally determine the optimum aspect ratio for an oblong or 
elliptical jet Injection hole that results In maximum film cooling 
effectiveness . 

(2) Perform a general analysis of a jet In crossflow that takes Into con- 
sideration the effects of jet cross section, jet velocity profile, and second- 
ary flows on entrainment and on such jet characteristics as jet deflection and 
spreading, both horizontally and vertically. 


CONCLUSIONS 

Trajectory Information was obtained for jet In a crossflow for five jet 
Injection hole geometries at ratios of jet mass flux to main-stream mass flux 
(the blowing rate M) of 0.53, 1.1, 1.6, 4.1, and 6.2. From this Information, 
the following conclusions were drawn: 

(1) The nature and extent of pressure drag forces and the entrainment of 
freestream fluid Into the jet play an Important role In determining the extent 
of jet deflection toward the Injection surface. 

(2) Increasing the aspect ratio of the jet Injection hole, with the long 
axis measured perpendicular to the main flow direction, Increases jet deflec- 
tion toward the Injection surface. 

(3) Visual evidence confirms that film cooling effectiveness Increases 
with Increasing deflection of the jet toward the Injection surface. 
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Figure 3 - Flow visualization rig. 



Figure 4 - Bubble generator head 
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(a) Jet flow passage 

(b) Swirl insert (twisted tape) for film cooling hole Twist is in clockwise direction 
when viewed from end of tape, Y is period of revolution (i e , distance over 
which a complete 360° twist is completed), t - 0 16 cm 

Figure 5 -Geometry (Dimensions are in centimeters ) 
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Figure 7 - Jet centerline height as a function of axial distance. 


5 


4 


3 


2 


O 

>- 

n: 



0 1 2 3 4 5 6 7 8 9 10 11 12 

AXIAL DOWNSTREAM DISTANCE, X/D 


(e) M - 41, p./ p M ■ 1.03, Uoo* 5.6 m/sec. 

(f) M -6.2, pj/Poo- 1.04, U^- 5.6m /sec. 

Figure 7. - Concluded. 
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Figure 9. - Side views of jets in crossflow for various hole configurations. 
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Figure 10 - Theoretical and experimental effect of drag coefficient on 
jet trajectory 



Figure 11 - Jet flow discharge coefficient as a function of jet Reynolds 
number 
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Figure 12. - Centerline film cooling effectiveness as a function of axial distance for blowing rates 
of 0.5, 1.0, and 1.5. Injection angle, 30°, free-stream velocity, 15 5 m/sec. (From Ref. 1.) 
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Figure 13 - Rim cooling effectiveness as a function of lower jet limit 
height for axial distances of 1, 4, and 8. 
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